A sequencing batch biofilm reactor (SBBR) filled with polyurethane (PU) was operated in low dissolved oxygen (DO) (0.1-0.9 mg/L) at three different carbon to nitrogen ratios (C/N ratios) (C/N ¼ 
INTRODUCTION
Compared with conventional nitrification and denitrification, shortcut nitrification and denitrification via nitrite not only reduces the aeration consumption by 25%, but also saves the carbon source dosage by 40% (Turk & Mavinic ) . Short-cut nitrification-denitrification, as one of the cost-effective and sustainable biological nitrogen removable processes, has gained much attention currently (Yamamoto et al. ; Zhu et al. ) . Present studies indicated that the partial nitrification via nitrite can be achieved by controlling operating conditions, such as temperature, pH, dissolved oxygen (DO), sludge retention time (SRT), substrate concentration, loading rate and aeration pattern, and addition of inhibitors (Surmacz-Gorska et al. ; Van Dongen et al. ; Lopez-Fiuza et al. ) .
A sequencing batch biofilm reactor (SBBR) is a kind of fixed film reactor that operates in a 'fill and draw' mode. Compared with suspended growth activated sludge systems, the main advantages of biofilm systems include greater biomass concentration in the reactor with corresponding higher specific removal rates, greater volumetric loads, increased process stability towards shock loadings and biomass enrichment of slow growing organisms such as nitrifiers (Wilderer et . The polyurethane (PU) in this study is an ideal carrier with high porosity for microorganism immobilization, good mechanical strength and low cost (Chae et al. ; Kim et al. ) . Meanwhile, the carriers provide an integrated aerobic, anaerobic and anoxic environment. Chu & Wang () found that the moving bed biofilm reactor (MBBR) filled with PU carriers showed good performance in TOC and ammonium removal due to the fact that numerous microorganisms were entrapped on the pores of the PU carriers which enhance the nitrifiers to inhabit.
The carbon to nitrogen ratio (C/N ratio) of influent is one of the most critical parameters for the wastewater nitrogen removal process, because it directly affects functional microorganism populations, including autotrophic ammonium oxidized bacteria (AOB), nitrite oxidized bacteria (NOB) and heterotrophic denitrifiers. However, there are limited studies investigating the effects of C/N ratios on nutrient removal performance of an SBBR (Xia et al. ; Ding et al. ) . Few have focused on changes of the nitrifiers and denitrifiers population at a quantitative level in the short-cut nitrification-denitrification in SBBRs. The main objective of this research, therefore, is to evaluate the short-cut nitrification-denitrification by C/N ratios controlled in a SBBR at a low oxygen concentration.
MATERIALS AND METHODS

Laboratory-scale SBBR
The laboratory-scale experiment system is shown in Figure 1 . The reactor was made of polymethyl methacrylate with 30 cm diameter and 50 cm height, with a net working volume of 35 L and filled with a depth of 30 cm PU. The carrier is characterized by corrosion resistant properties and high adsorptivity with dimensions of 2 cm × 2 cm × 2 cm, theoretical specific surface area of 1,621 m 2 /m 3 , density of 0.35 g/cm 3 , porosity of 50% and pore radius of 1- 
To determine the effect of C/N ratio on SBBR performance through partial nitrification, three C/N ratios of either 1.8:1, 5.0:1 or 10.5:1 were achieved by both adding glucose and reducing ammonium salts. Through adding NaOH, the pH of influent in the system fluctuated between 7.5 and 8.0. The characteristics of feed wastewater are listed in Table 1 . The C/N ratio of the influent was calculated using Equation (1):
where c (COD, chemical oxygen demand) and c (TN, total nitrogen) refer to concentrations of COD and TN in the influent.
Real-time quantitative PCR analysis
Real-time quantitative PCR (real-time qPCR) reactions performed according to information of SYBR ® was used with varying amounts of DNA Premix Ex TaqTM II (TaRaKa, China). Analyses were performed using an ABI Model 7500 HT sequence detector (ABI, Harbin Institute of Technology, China). Reagent mixtures were prepared by combining 12.5 μL of SYBR ® Premix Ex TaqTM II (2×) of real-time qPCR primers. Primer probe for real-time PCR was designed based on conserved regions of 16s rDNA sequences from each species. However, another primer probe of 16S rRNA β-proteobacterium was designed based on conserved regions of those 16s rRNA sequences from bacteria species (Table 2) . Each pair of primers has three replicates in each PCR run. Using sterilized water to wash out the biofilm from the carrier allowed collection of biomass samples from the different stages. Genomic DNAs from the above biomass were extracted using a bacterial Genomic DNA Extraction Kit (TaKaRa, Dalian, China) according to the supplier instructions.
Standard curves were obtained by plotting Ct as a function of log of the copy number of target DNA which was measured spectrophotometrically using a NanoDrop ® ND-1000 spectrophotometer (Nano-Drop, Harbin Institute of Technology, China). A standard curve for AOB was constructed from a series of 10-fold dilutions of DNA target carrying a 16S rRNA gene for the primer sets of CTO189f A/B/CTO189f C-CTO654R at concentrations from 5. b A mixture of CTO 189fA/B and CTO 189fC at the weight ratio of 2:1 was used as the forward primer.
Analytical methods
After adaptation to the experimental conditions, measurements were carried out during 30 days for each mode. Influent and effluent as for COD, ammonium, nitrates, nitrites, TN, and organic suspended solids were analyzed daily. All analytical measurements were carried out according to the State Environmental Protection Administration of China ().
Calculations of FA, DO and NAR
The concentration of free ammonia (FA) was calculated at the operational temperature from the ammonium concentrations and the pH in the bulk liquid using Equation (3) according to the expressions proposed by Anthonisen et al. () .
where
-N represents the concentration of ammonium in the bulk liquid, and T refers to temperature ( W C).
The nitrite accumulation ratio (NAR) was calculated as follows:
where NO 
RESULTS AND DISCUSSION
Effect of different C/N ratios on performance Typical variations of nitrogen species and DO in the SBBR reactor are shown in Figure 2 . At the C/N 1.8:1, the system had a behavior of the most efficient removal of COD (not shown in the paper) and ammonium (87.2%) as well as the highest accumulation of nitrite, in contrast to the lowest TN removal. When the C/N ratio increased to 10.5 from 5.0, the ammonium removal efficiency decreased to 88.4% from 92.9% for the consumption of oxygen as a result of decomposition of the organics, which consequently inhibited nitrification in the reactor. Compared with the C/N 1.8:1, the reactor exhibited good capability of TN removal at the C/N 5.0:1 (74.3%) and the C/N 10.5:1 (79.0%). Low denitrification efficiency at the C/N 1.8:1 seemed to be caused by the lack of organic carbon compounds for use as electron donor. The results were congruent with the observations of Chiu et al. () and Munch et al. () who reported that the C/N ratio 11.1 and 11.2 was the optimal value for SBBR system to reach equilibrium between the nitrification and the denitrification reactions and resulting in the best removal of both nitrogen and organic carbon. Ding et al. () found that the best TN removal efficiency of 87% was achieved in the reactor at the C/N ratio of 10.5. Anthonisen et al. () reported that AOB and NOB were inhibited at 10-150 and 0.1-1.0 mg/L of FA, respectively. FA in the C/N 4.2 and C/N 10.2 at the end of aeration was calculated from ammonium concentrations according to Equation (3) as 0.04 and 0.05 mg N/L for C/N 5.0 and C/N 10.5, respectively. Such concentration ranges were below the NOB inhibition limit and the AOB inhibition limit. At C/N 1.8, the calculated value for inhibition by FA was 0.28 mg/L, which meant that there was theoretical inhibition of the oxidation of nitrite. Thus, nitrite accumulation levels in mode 1 were higher than other modes. However, NAR in three modes was 95, 89 and 87%, which means the successful application of partial nitrification. So this indicates that the factor that led to the ammonium not being fully nitrified was essentially the DO condition. Meanwhile, nitrite concentration increased with time as ammonia was converted through nitrification, but nitrate concentration was nearly negligible. The finding seems to indicate that production of nitrite or nitrate was affected by the C/N ratio, and nitrite is more readily accumulated at the low C/N ratio. Similar observations have been reported lately (Chiu et al. ) . In fact, Yang et al. () reported that relatively high substrate C/N ratio might favor growth of heterotrophic microbe populations and hence affect nitrification performance. Hanaki et al. () found that DO of 0.5 mg/L had no adverse effect on ammonium oxidation, but inhibited nitrite oxidation with the accumulated nitrite almost 60 mg/L.
Quantitative analysis of nitrifiers
Real-time qPCR assays were conducted with samples taken at mode 1-3 and quantity changes in community composition are shown in Table 3 . In this study, the copy number of AOB 16S rRNA genes kept accelerating after decreasing the influent nitrogen concentration at C/N ratio 5.0 and finally reached 7.46 ± 0.31 × 10 10 copies per ng-DNA at C/N ratio 10.5. The copy number of Nitrosomonas sp. 16S rRNA genes remained at the same value (4.31-4.66 × 10 10 copies per ng-DNA) at three operational modes. However, the copy numbers of Nitrosospira sp. slightly increased from 1.52 ± 0.24 × 10 10 copies per ng-DNA at C/N ratio 1.8 Table 3 | Quantity changes in community composition at different C/N ratios to 4.26 ± 0.37 × 10 10 copies per ng-DNA at C/N ratio 5.0 and slightly decreased to 2.62 ± 0.42 × 10 10 copies per ng-DNA at C/N ratio 10.5. Aoi et al. () reported that as the C/N ratio gradually reduced, nitrifiers began to colonize the outer layer of the biofilm previously occupied by the heterotrophs. So the C/N ratio affected the spatial distribution of microbial community and transition to specific bacteria. Nittami et al. () found that the partial nitrification in the submerged membrane bioreactor (SMBR) might result from inhibiting the activity and growth of Nitrospira sp. Nitrite oxidation by the Nitrospira sp. genus is more sensitive to low levels of DO than ammonium oxidation carried out by Nitrosomonas sp., as limited oxygen generally produces accumulations of nitrite, a phenomenon that was observed during this experiment. The denitrifiers copy number largely increased with C/N ratio from 3.34 ± 0.27 × 10 9 copies per ng-DNA to 7.24 ± 0.51 × 10 10 copies per ng-DNA. In this study, it was revealed that the relatively low concentration of organic carbon was beneficial to nitrifying bacteria but limited the denitrification efficiency due to the lack of sufficient electron donors. On the contrary, excessive organic carbon would inhibit the growth of nitrifying bacteria. Xia et al. () found that the biofilm was composed of 27% AOB, 15% NOB and 21% heterotrophic bacteria. On the other hand, members of Alpha-, Beta-and Gamma-proteobacteria groups together accounted for over 50% of all cells by FISH-FCM analysis. In this study, Beta-proteobacteria was the most important microbial group and occupied over 35% numerically. The fraction of Nitrosospira sp. fluctuated significantly in the range 3.1-9.8%, while the Nitrosomonas sp. just changed a little (Figure 3 ). This indicated that Nitrosospira sp. was more sensitive to the C/N ratio than Nitrosomonas sp. The fraction of denitrifiers was positive to C/N ratio, which presented that enough carbon sources were beneficial to denitrifiers.
CONCLUSION
In this study, we reached the following conclusions. The numerous microorganisms were entrapped on the pores of the PU carriers which enhance the nitrifiers to inhabit. The nitrogen removal was due to a short pathway of nitrite production from ammonia and subsequent denitrification to dinitrogen gas. The ammonia removal efficiency was excellent with a C/N ratio of 5.0; the denitrification at a C/N ratio of 10.5 was higher than C/N ratio of 5.0. Among the C/N ratios of 1.8, 5.0 and 10.5, NAR at a C/N ratio of 1.8 was the highest. These results showed that the increase of the COD loading led to a higher denitrification and better assimilation of organic matter and nutrients. The relatively low concentration of organic carbon was beneficial to nitrifying bacteria, whilst excessive organic carbon would inhibit the growth of nitrifying bacteria. Limited denitrification efficiency was due to the lack of sufficient electron donors. Real-time qPCR analysis indicated that Nitrosospira sp. was more sensitive to the C/N ratio than Nitrosomonas sp. The fraction of denitrifiers was positive to C/N ratio, which presented that enough carbon sources were beneficial to denitrifiers.
